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When the thickness of a film approaches the nanoscale, the 
confinement of electrons in the film by its surface and interface gives rise to 
distinct electronic states known as quantum-well states.  Related to the 
electromagnetic standing waves in an optical Fabry-Pérot interferometer, 
electrons in a quantum well undergo mirror-like reflections at the film 
surface and substrate-film interface. At thicknesses comprising only a few 
monolayers N, the discretization of the electronic structure creates a 
dependency !1 N on the electronic properties of the film. In addition to 
providing a unique academic setting for the exploration of quantum 
mechanics under finely tuned conditions, ultrathin-film systems offer a 
glimpse into issues with which the electronic-device industry will have to 
contend in the near future. 
This thesis describes two experiments.  The first of these concerns 
an angle-resolved photoemission study of the electronic structure of Pb 
films prepared on atomically uniform Ag(111) films. The data host a 
striking Fabry-Pérot-like structure typical of a high-finesse Pb/Ag/Si(111) 
Abstract 
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interferometer. Remarkably, the quantized electronic structure of the Ag 
films persists despite Pb overlayers much thicker than the photoemission 
escape depth and an incommensurate Ag/Pb interface.  The simulations 
presented quantify the coherent coupling of the Ag and Pb electronic 
structures, affording a useful and non-invasive means for accessing deeply 
buried structures. This demonstrated exploitation of electronic coherence 
will prove useful to applications requiring the characterization of multilayer 
structures.  
The second experiment presents an ostensible quantum-number 
catastrophe in Ag films on Si(111) substrates. Angle-resolved 
photoemission studies of the quantum-well electronic structure in 
atomically uniform Ag films on Si(111)-(7x7) reveal an anomalous 
bifurcation of one of the subbands as it disperses toward the Fermi level. 
This bifurcation creates an apparent quantum-number paradox, as subbands 
must be associated with consecutive integer quantum numbers. The 
bifurcation migrates upon annealing from subband to subband toward the 
zone center and ultimately vanishes. Various tests indicate that this puzzling 
behavior arises from transverse resonances in the film electronic structure 
caused by the reconstruction at the interface. These resonances likely 
manifest in many thin-film systems involving incommensurate interfaces 
 iv 
and/or interfacial reconstructions modulating the film structure. This work 
provides insight regarding the impact of film morphology and buried 
interfacial structures on the overall electronic structure of the system.  
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Bi The reciprocal-space ith basis vector describing the surface 
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 !  h 2!   
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1.1 Quantum Confinement 
 Thin-film systems, which can be synthesized to specification with 
exceptional precision, provide a convenient means for studying quantum 
effects.  When the thickness of a film approaches the dimensions of its 
atomic constituents, the confinement of electrons in the film by its surface 
and interface gives rise to distinct electronic states known as quantum-well 
states. Akin to the electromagnetic standing waves in an optical Fabry-Pérot 
interferometer, electrons in a quantum well undergo mirror-like reflections 
at the film surface and substrate/film interface. The resultant quantization 
condition states  
 
2k! (E)Nt + "i(E) + "s(E) = 2n# ,          (1.1) 
where 
 
k
!
(E)  denotes the wave vector of electrons traveling normal to the 
film surface, 
 
N  the number of film monolayers, 
 
t  the monolayer thickness, 
 
!(E)  the electron phase shift at the substrate/film interface (i) and surface 
Introduction 1 
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(s), and 
 
n  the principal quantum number [1]. Aside from the phase shifts 
due to electronic reflections at the film boundaries, Eq. (1) corresponds to 
the quantization condition imposed on electrons in an infinite square-well 
potential: 
 
k
n
= n! L .  
 Current trends in the design of solid-state devices toward 
miniaturization call for an enhanced understanding of electronic behavior at 
progressively smaller length scales. As device dimensions decrease, the 
effects of electronic coherence and interference on performance will 
become ever more significant. Consequently, the scaffolding of future thin-
film technologies will require materials engineered with well-tuned 
quantum properties.  
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 Figure 1.1: The solid curves represent the 3 lowest energy eigenstates 
of the infinite square-well potential; the dash-dotted curves represent 
the corresponding probability amplitudes.   
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1.2 The Nearly Free-Electron Approximation 
 The conduction electrons in actual solids experience an interaction, 
U(r) , with the ions composing the crystal.  In most metals, U(r)  may be 
regarded as a weak periodic perturbation,   
U(r) = 2 U
G
cos G ! r( )
G>0
" ,          (1.2) 
to the otherwise free electron gas, where the 
 
U
G
 represent the Fourier 
coefficients and G denotes a reciprocal lattice vector [2].  This periodic 
potential gives rise to an electronic wave function prescribed by Bloch’s 
theorem,  
 ! k (r) = uk (r) exp ik " r( ) = C(k # G)
k
$  exp ik " r( ) ,   (1.3) 
where the terms C(k–G) denote Fourier coefficients and u
k
(r) = u
k
(r + T)  
has the period T of the lattice. Incorporating these assumptions into the 
time-independent Schrödinger equation,   
 
H!
k
= E!
k
, generates an infinite 
set of equations, 
 
 
!
k
" E( ) C(k) +  UG  C(k "G) =  0
G
# ,   (1.4)  
where 
  
 
!
k
" !k( )
2
2m  [2].  In the two-band approximation for a one-
dimensional lattice, the wave function takes the form  
 
 
!(z) = C(k) eikz + C(k "G) e
i k"G( )z     (1.5) 
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and (4) reduces to a pair of equations [2], 
 
 
!
k
" E( ) C(k) +  U C(k "G) = 0     (1.6a) 
 
 
!
k"G " E( ) C(k "G) +  U C(k) = 0 .    (1.6b) 
The solutions [2], 
 
 
E = !
k"G + ! k( ) 2 ± ! k"G + ! k( )
2
4 +U
2 ,   (1.7) 
each represent a band. Referencing k with respect to the Brillouin zone 
boundary will prove useful in the analyses to follow [1]; with this in mind, 
(7) becomes  
 E =
1
2
!
k+G /2
+ !
k"G /2( ) ±
1
4
!
k+G /2
+ !
k"G /2( )
2
+U
2 .  (1.8) 
While numerous, more sophisticated computational methods exist for 
calculating band structures, the NFE approximation provides a wieldy and 
accurate means for describing the valence bands of most metals.  Figure 2 
illustrates the high fidelity with which the above-derived results describe 
the electronic structure of Pb(111).  As revealed in Fig. 2B, the two-band 
approximation agrees well with the results of a first-principles calculation 
based on the local-density approximation (LDA) reported in Ref. [3].  
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1.3 Quantum-Well States and Fabry-Pérot Interferometry 
 The quantized electronic states in smooth metallic films resemble 
the resonant behavior of an optical Fabry-Pérot interferometer [1,4]. 
Analogous to the electromagnetic standing waves between two mirror-like 
surfaces, electrons in a smooth film undergo reflections at the film surface 
and substrate-film interface (Fig. 4) that lead to discrete interferometer 
modes [4]. 
The resultant Fresnel reflection and transmission coefficients for a 
single-layer etalon are  
 
 
R =
r
1
+ r
2
e
!2i"
1
1+ r
1
r
2
e
!2i"
1
      (1.9a) 
 
 
T =
t
1
t
2
e
!i"
1
1+ r
1
r
2
e
!2i"
1
,      (1.9b) 
where 
 
!
i
 denotes the phase shift experienced by the beam upon traversing 
the ith film, and rj and tj represent the Fresnel coefficients of the j
th
 interface 
[5]. Surface and interfacial roughness can limit interferometric quality, 
instigating the decoherence of successive partial reflectances and 
transmissions. The finesse, 
F E( ) =
! r
i
r
i+1
1" r
i
r
i+1( )
,       (1.10) 
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of a single-layer etalon typifies its confinement capability and relates to its 
quality factor, Q, proving a convenient means of quantifying interferometric 
quality [4]. As Figure 3C reveals, an increasing finesse corresponds to 
higher interfacial reflectivities and yields sharper transmission peaks with 
darker intervening regions.  
Calculating the reflection and transmission amplitudes for a two-
layer thin-film system requires the substitutions r
2
 !   
r
2
+ r
3
e
!2i"2( ) 1+ r2r3e
!2i"2( )  and t2  !  t2t3e
" i#2 1+ r
2
r
3
e
"2i#2( )  in the above-
described schema [5].  In so doing, one effectively replaces the middle 
interface with a new film, which possesses interfacial Fresnel reflection 
coefficients r2 and r3
 and transmission coefficients t2 and t3.  The resultant 
two-layer reflection and transmission amplitudes,  
 
 
R =
r
1
+ r
2
e
!2i"
1 + r
3
e
!2i "
1
+"
2( ) + r
1
r
2
r
3
e
!2i"
2
1+ r
1
r
2
e
!2i"
1 + r
1
r
3
e
!2i "
1
+"
2( ) + r
2
r
3
e
!2i"
2
   (1.11a) 
and 
 
T =
t
1
t
2
t
3
e
!2i "
1
+"
2( )
1+ r
1
r
2
e
!2i"
1 + r
1
r
3
e
!2i "
1
+"
2( ) + r
2
r
3
e
!2i"
2
,   (1.11b) 
will be used in the analysis of buried Ag quantum wells in Chapter 4 [5].    
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1.4  Quantum-Size Effects 
When the thickness of a smooth metal film approaches the 
electronic coherence length, the confinement of electrons by the film’s 
surfaces discretizes the momentum and energy, 
 
E k
!( ) , along the surface 
normal (see Fig. 1.4).  This quantization of the bulk electronic structure 
gives rise to the formation of quantum-well states, causing the film’s 
properties (e.g., surface energy, thermal stability, electron-phonon coupling, 
superconducting transition temperature, work function, and surface charge 
density) to vary with number of monolayers of thickness, t [3,6,7]. These 
thickness-dependent properties oscillate with a period equivalent to one half 
the bulk Fermi wavelength, !
F
 [6,7]. For an illustration of this oscillatory 
behavior, consider the renowned Pb(111) system, for which 
 
!
F
2 = 2t
Pb
3 
and k
F
! = 2" t
Pb
# k
F
 =1.59 Å
 
!1
 in the extended Brillouin zone scheme and 
where kF = 0.611 Å
-1 with respect to the zone center [3,6,7].  The Fermi 
wave vector measured from the zone boundary ( k
F
!! = " t
Pb
# k
F
!  = 0.49 
Å !1 ) generates a small difference between the period with which Pb(111) 
quantum-well states cross the Fermi level (
 
!N = " k
F
t
Pb
= 2.2 ML) and the 
nearest integral monolayer coverage (i.e., 2 ML) [3,6,7].  This slight 0.2-
ML disparity (Fig. 5A) gives rise to the beating pattern displayed in Fig. 
 11 
5B, where k
F
!!  controls the period of the envelope, 
 
! ! t
Pb
" 2k
F
##( ) ! 9 ML  
[6,7].   
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Figure 1.4: As the thickness of a film converges on the nanoscale, the 
confinement imposed by the film’s surfaces discretizes the electronic 
momentum and energy along the surface-normal. Adapted from [8]. 
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Figure 1.5: (a) Quantum-well state positions (circles) for Pb(111) as a 
function of thickness. Adapted from [9]. (b) Illustrative plot showing the 
oscillatory nature of physical-property variations due to quantum-size effects.  
The envelope function (dashed curve) displays a beating pattern due to the 
slight incommensuration of 
 
!N  and the nearest integral monolayer. Adapted 
from [10].   
 
 14 
 
References 
 
[1] T.-C. Chiang. “Photoemission studies of quantum well states in thin  
films.” Surf. Sci. Rep. 39, 181 (2000).  
[2]  C. Kittel. Introduction to Solid-State Physics (John Wiley & Sons, Inc., 
New York, 1996).  
[3] C. M. Wei and M. Y. Chou. “Theory of quantum size effects in thin  
Pb(111) films.” Phys. Rev. B 66, 233408 (2002). 
[4] J. J. Paggel, T. Miller, and T.-C. Chiang, Science 283, 1709 (1999). 
[5] O. S. Heavens, Optical Properties of Thin Solid Films (Dover, New 
York, NY, 1965). 
[6] T. Miller, M. Y. Chou, and T.-C. Chiang. “Phase relations associated 
with one-dimensional shell effects in thin metal films.” Phys. Rev. Lett. 102, 
236803 (2009). 
[7] Y.-F. Zhang,  J.-F. Jia, T.-Z. Han, Z. Tang, Q.-T. Shen, Y. Guo, Z. Q. Qiu, 
and Q.-K. Xue. “Band structure and oscillatory electron-phonon coupling of 
Pb thin films determined by atomic-layer-resolved quantum-well states.” 
Phys. Rev. Lett. 95, 096802 (2005).  
[8] T.-C. Chiang. (2010, March). One-Dimensional Shell Effects in Thin 
Metal Films. Unpublished internal document, University of Illinois at 
Urbana-Champaign.  
 15 
 
 
[9] M. H. Upton, C. M. Wei, M. Y. Chou, T. Miller, and T.-C. Chiang.  
“Thermal stability and electronic structure of atomically uniform Pb  
films on Si(111).” Phys. Rev. Lett. 93, 026802 (2004).  
[10] T.-C. Chiang. “Superconductivity in thin films.” Science 306, 1900  
(2004).  
    
 16 
 
 
  
 
 
 
Most condensed-matter systems consist of highly ordered, 
crystalline solids composed of periodic arrays of atoms.  The order with 
which constituent atoms comprise a solid gives rise to many of its 
properties and characteristics, making an understanding of such structures 
paramount. In contrast to bulk solids, thin-film systems display additional 
properties owing to the truncation of the bulk crystal at its surfaces. Due to 
the prevalence of the face-centered cubic (FCC) structure among the 
materials of focus herein, the following sections provide a brief overview of 
the bulk and surface crystal properties of the FCC lattice type.   
 
2.1 The Face-Centered Cubic Bravais Lattice 
The fundamental geometry of a crystalline structure consists of a 
Bravais lattice, which itself comprises both a basis and lattice (see, for 
example, [1,2]).  The basis represents the group of atoms that upon 
Crystalline Structures 2 
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propagation forms the crystal; the lattice consists of 3 fundamental 
translation vectors (i.e., a1, a2, and a3) that render the atomic configuration 
identical with respect to a vector r and !r = r +"
1
a
1
+"
2
a
2
+"
3
a
3
 for 
 
!
i
"! , where the points defined by !r  " #
1
,  #
2
,  #
3{ }  signify the lattice 
[1]. The parallelepiped delineated by the primitive vectors a1, a2, and a3 
defines the so-called primitive cell, which consumes all space upon 
appropriate repetition and forms a cell of minimum volume [1]. Figure 2.1 
displays the conventional cell of the FCC Bravais lattice, which consists of 
atoms at the vertices of a cube and the centers of the faces; a1, a2, and a3 
define the corresponding rhombohedral primitive cell given by 
a
1
= xˆ + yˆ( ) 2 ,  a
2
= xˆ + zˆ( ) 2 , and a
3
= yˆ + zˆ( ) 2  [1,2,3,4].  This 
particular choice of primitive cell, known as the Wigner-Seitz unit cell, 
possesses the complete symmetry of the FCC Bravais lattice and 
demarcates the region closer to a given lattice point than any other points 
[1].    
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Figure 2.1:  The FCC conventional cell and primitive cell with primitive 
lattice vectors a1, a2, and a3 indicated.   
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2.2 The FCC Reciprocal Lattice  
 The reciprocal lattice of a given Bravais lattice corresponds to the 
reciprocal-lattice vectors b1, b2, b3, where a1,a2 ,a3[ ]
T
= 2! b
1
,b
2
,b
3[ ]
"1
 
[1,2,5]. For the FCC lattice,  
b
1
= 4! a( ) 1 2( ) xˆ + yˆ " zˆ( ) ,      (2.1a) 
b
2
= 4! a( ) 1 2( ) xˆ " yˆ + zˆ( ) , and     (2.1b) 
b
3
= 4! a( ) 1 2( ) "xˆ + yˆ + zˆ( )       (2.1c) 
constitute the reciprocal-lattice vectors associated with the primitive-lattice 
vectors described in the previous section. These vectors describe the so-
called first Brillouin zone (the Wigner-Seitz primitive cell in reciprocal 
space), a construct that plays a significant role in the theories of diffraction 
and electronic structure [1].  Figure 2.2a displays the first Brillouin zone for 
the FCC Bravais lattice, with high-symmetry directions labeled (see, for 
example, [1,2]).  
 For a particular Bravais lattice, a lattice plane contains at least 3 non-
collinear lattice points, and therefore comprises an infinite set of lattice 
points forming a two-dimensional Bravais lattice [1].  The reciprocal lattice 
provides a convenient means for categorizing these planes and their 
symmetries. The Miller indices h,k,l  offer a means for labeling crystal 
 20 
planes, referring to the shortest reciprocal lattice vector 
hb
1
+ kb
2
+ lb
3
! hkl( )  normal to the plane, where the indices 
 
h,k,l !!  
share no common divisors other than unity [1]. The !L  direction labeled in 
Figure 2.1a corresponds to the surface normal of the (111) plane of the FCC 
lattice, shown in Figure 2.2b. 
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Figure 2.2:  (a) The first Brillouin zone for the FCC lattice.  (b) The (111) 
plane and conventional unit cell of the FCC lattice. 
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2.3 Crystal Surfaces 
 The truncation of a crystal at its surfaces plays a significant role in 
shaping its properties, destroying the atomic periodicity present in the bulk 
and reducing its symmetry (for more information, see [6]). In thin-film 
systems, surface properties and their interactions with bulk effects can offer 
significant contributions to the behavior of the whole system. Given the 
thermodynamic metastability of atomic arrangements at the surfaces of 
many systems, experimental manipulations of reconstructions present at 
interfaces and surfaces can provide a means for modifying a system’s 
properties [7,8].  While the focus of the research described herein does not 
center on surface physics, the surface symmetry of a crystalline solid can 
account for strong effects in some systems (e.g., [9,10,11,12,13,14]). Figure 
2.3 illustrates the projection of the first bulk Brillouin zone along the 
surface normal of a crystal, known as the surface Brillouin zone (for more 
details, see [15]). In the following experiments, the predominant direction 
scanned with photoemission tracks !K .  
 Figure 2.4 illustrates the FCC unit cell accompanied by hexagonal 
surface coordinates A1, A2, A3 written in terms of the conventional cell 
coordinates (i.e., a
1
= axˆ , a
2
= ayˆ , and a
3
= azˆ ) (Refs. [1,3,4,16]) 
A
1
= 1 2( ) a1 ! a2( ) = a 2( ) xˆ ! yˆ( ) ,     (2.2a) 
 23 
 A
2
= 1 2( ) a2 ! a3( ) = a 2( ) yˆ ! zˆ( ) , and   (2.2b) 
 A
3
= a
1
+ a
2
+ a
3
= a xˆ + yˆ + zˆ( ) ;    (2.2c) 
the corresponding reciprocal-lattice vectors comprise 
 B
1
= 2! a( ) 4 3 xˆ " 2 3 yˆ " 2 3 zˆ( ) ,    (2.3a) 
 B
2
= 2! a( ) 2 3 xˆ + 2 3 yˆ " 4 3 zˆ( ) , and   (2.3b) 
 B
3
= 2! a( ) 1 3 xˆ +1 3 yˆ +1 3 zˆ( ) .    (2.3c) 
Therefore, 
!M = B
2
2 ,        (2.4a) 
! "M = B
1
2 ,  and      (2.4b) 
 !K = B
2
2  !  2 3( ) 1 3( ) xˆ + yˆ + zˆ( ) = 2! a( ) 2 3 xˆ " 2 3 yˆ( )  
         (2.4c) 
describe the high-symmetry directions of the Brillouin zone, where 
!M = ! "M = 2 3 2! a( )  and !K  = 4 2! 3a( )  for a (1x1) surface 
structure [4,15,16]. The blue, purple, and yellow spheres illustrate the 3-
atom basis of the FCC unit cell and the ABC stacking arrangement along 
the [111] direction [16].  As shown in the panel titled “view along [111]” 
Fig. 2.4, an appropriate rotational transformation of the equations (2.2) 
gives rise to a set of vectors describing the FCC surface: A
1
= a 2( ) xˆ , 
 24 
A
2
= a 2( ) !1 2  xˆ + 3 2  yˆ( ) , and A3 = a 3( ) zˆ  [4,16]. 
 25 
 
  
 
 
 
 
 
 
 
Figure 2.3: The surface Brillouin zone corresponding to the FCC (111) surface.  
Adapted from [15].  
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Figure 2.4: The FCC conventional cell described by vectors a1, a2, and a3 with hexagonal 
surface coordinates A1, A2, and A3 shown.  The view along the [111] direction reveals the 
orientation of A1, A2, and A3 at the (111) surface. The hexagonal surface Brillouin zone 
illustrates the orientation of reciprocal-lattice vectors B1, B2, and high-symmetry 
directions.  Adapted from [16].    
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Although an abundance of experimental methods exists for probing 
the quantum properties of thin-film systems, angle-resolved photoemission 
spectroscopy (ARPES) remains the only technique capable of measuring a 
material’s electronic structure. Given the complexity of many solid-state 
systems under study, comprehensive interpretations of most photoemission 
spectra can require intricate theoretical techniques. Grasping the salient 
features of many spectral results, however, often necessitates only tools 
provided by basic quantum theory.  For the highly delocalized valence 
states under study in the following chapters, the lack of many-body effects 
demands only a single-electron picture in the corresponding analyses. 
 
3.1 Photoemission Spectroscopy: Theoretical Background 
 When a single-electron system in a scalar potential U(r) experiences 
an applied electromagnetic field, the single-particle Hamiltonian reads 
Angle-Resolved Photoemission 
Spectroscopy and Thin-Film Fabrication 3 
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 H =
1
2m
p ! qA[ ]
2
+ qU =
p
2
2m
+ qU !
q
2m
A "p + p "A[ ] +
q
2
2m
A
2
, 
         (3.1) 
where p denotes the momentum and A ! A r( )  the vector potential 
associated with the field [1]. Denoting the free-particle Hamiltonian 
asHO = p
2
2m +U r( )  and the interaction potential as 
U
I
=
q
2m
A !p + p !A[ ] +
q
2
2m
A
2
 ,     (3.2) 
the Hamiltonian may be written in the familiar form, H = H
O
+U
I
 (Ref. 
[1]).  Assuming the presence of low applied-field intensities, the problem 
falls under the purview of first-order perturbation theory. Fermi’s Golden 
Rule for determining the photocurrent intensity I leads to the result 
 I = ! f UI ! i
2
,      (3.3.) 
where 
 
!
i
 and 
 
! f  signify the initial- and final-state single-electron wave 
functions [1].   
Neglecting surface effects and working in the Coulomb gauge1 
causes the term 
 
A !p " p !A[ ] = i! # !A  to vanish and reduces the 
interaction potential to (Refs. [1, 2, 3])  
                                                                                                                       
dsd 
1 Note that this choice of gauge, i.e., ! "A = 0 , cannot be used near a 
surface where a dielectric discontinuity exists.  See [2, 3] for details. 
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 UI = !
q
m
A "p +
q
2
2m
A
2
.     (3.4) 
Assuming the incident photon flux remains sufficiently small, one may 
neglect the term of order 
 
A
2
 and write (Ref. [1])  
 
 
! f UI ! i = "
q
m
! f  A #p ! i =
iq!
m
! f  A #$ ! i .  (3.5) 
When the applied field exhibits a spatial periodicity, the vector potential 
may be expressed as  
 
A r( ) = A
O
 e
ik!r
 eˆ = A
O
1+ik ! r +!( )  eˆ ,    (3.6) 
where the unit vector eˆ  denotes the polarization direction and A
O
 the 
amplitude [1].  Moreover, if k ! r << 1, Eq. (3.5) condenses into (Ref. [1]) 
 
! i UI ! f =
iq!
m
AO ! i eˆ "# ! f .    (3.7)  
 Fortunately, quantum-well states correspond to high electronic 
probability densities within the confining slab, thereby simplifying the 
aforementioned analysis [4]. The final state does not play a major role in the 
examinations of quantum-well systems to follow; consequently, subsequent 
calculations of the photoemission intensity ignore transition-matrix element 
effects and involve only the relative probability that an electron exists in the 
confining slab, I ! " i
2
dz
zs
#z
$  (Ref. [4]). The limits of integration span 
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only the first few atomic layers of the surface (i.e., those probed by 
photoemission), comprising the surface boundary zs and the photoelectron 
escape depth !z .   
 
3.2 Experimental Background 
 The photoemission measurements displayed herein stem from 
experiments performed at the Synchrotron Radiation Center, University of 
Wisconsin – Madison.   This section describes the experimental apparatus, 
which involves 5 main ingredients:  
(1) A radiation source providing photons within the desired energy 
range.   
(2) An end-station vacuum system with a sufficiently low base 
pressure.  
(3) In-situ sample-fabrication capability.  
(4) An electron-diffraction or other diagnostic apparatus for surface 
characterization.  
(5) An angle-resolved photoemission analyzer for photoelectron 
measurements.  
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3.3 Synchrotron Light Sources  
 Though rare-gas discharge lamps and lasers see frequent use within 
the photoemission community, synchrotrons remain the only tunable light 
sources available within the expansive energy ranges of interest. In a typical 
synchrotron, an electron gun provides electrons by thermionic emission in a 
manner similar to the electron guns in television cathode ray tubes [5].  A 
microtron accelerator consisting of an ovoid racetrack and a linear 
accelerator (LINAC) augments the energy of the electrons to ~100 MeV 
and injects the boosted electrons into the storage ring [5]. Once in the ring, 
the electrons receive yet another boost from a radio-frequency (RF) cavity, 
which increases their energy to ~1000 MeV and compensates for energy 
lost by the electrons as they radiate while accelerating through the bends in 
the ring [5]. At these bends, an arrangement of bending magnets steer the 
electrons into a path commensurate with the ring. Beamlines branching 
from these bends direct the emitted radiation to end-station chambers for 
photoemission and other related measurements.  Only a small portion of the 
omnidirectional radiation given off at these bends, however, traverses the 
beamlines [5]. Consequently, most storage rings use insertion devices called 
undulators to produce concentrated amounts of unidirectional flux [5].  
Consisting of arrays of tiny bending magnets, undulators introduce a two-
  35 
dimensional wiggling motion in the electrons and cause them to radiate in 
the direction of propagation [5].   
 
3.4  Sample Fabrication and ARPES Measurements 
For metallic quantum-well systems, ingredient (2) requires end-
station base pressures below 10-10 Torr for sample preparation and 
preservation, and optimal measurement conditions. As a result, (3) becomes 
a necessity for these fragile systems, which oxidize easily and often require 
thermodynamic conditions dissimilar to the ambient.  For each experiment 
in this body of work, a Si(111)-(7x7) surface was prepared under ultrahigh-
vacuum conditions and maintained at ~50 K. The metal of choice was then 
evaporated onto the Si substrate with a molecular-beam epitaxy (MBE) 
setup (using an apparatus similar to that shown in Fig. 3.1), annealed to an 
optimal temperature, and cooled back to ~50 K to yield a smooth film of 
desired thickness and bulk-like lattice constant.  The annealing process 
proves vital for achieving optimally uniform films, and Fig. 3.2 displays the 
effect of appropriate annealing.  
When radiation of a suitable energy impinges on the sample’s 
surface, ejected photoelectrons enter a hemispherical electron analyzer (see 
Fig. 3.3a), which maps them according to their energies and emission 
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angles. The two-dimensional spectrum in Fig. 3.3b represents 
photoemission data for an atomically uniform 10 ML Ag on Si(111) taken 
after deposition at ~50 K and an anneal to ~300 K. The sharp, intense peak 
near normal emission (  
 
! = 0
! ) and just below the Fermi level in the bare 10-
ML Ag film spectrum owes to the Shockley surface-state (denoted by SS) 
supported by the Ag(111) L -gap. The labels Q1, Q2, etc., refer to the 
quantum-well subbands in the bare Ag film, which are nearly parabolic 
about normal emission. These Ag dispersion curves are somewhat distorted 
near the Si substrate band edges by electronic coupling between the Ag and 
the Si substrate.  
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Figure 3.1:  MBE apparatus consisting of a tungsten filament and 
molybdenum crucible held at a constant bias. Thermionic emission from 
the filament impinges upon the crucible, heating the contained material to 
its evaporation temperature. The evaporant adsorbs on the nearby sample.  
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Figure 3.2: Immediately after adsorbing on the Si(111) surface (held at 
~50 K), the evaporant forms a rough, amorphous film. Appropriate 
annealing of the system provides thermodynamically favorable 
conditions for a smoother or even atomically uniform crystalline film.  
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Figure 3.3:  (a) Typical ARPES geometry in which photons impinge 
upon a sample and eject electrons. After entering the hemispherical 
analyzer, a two-dimensional detector maps the electrons according to 
energy and emission angle. (b) Angle-resolved photoemission spectrum 
corresponding to 10-ML Ag film on Si(111).  SS denotes a Shockley 
surface state; Q1, Q2, etc., indicate quantum-well subbands.    
  40 
References
 
[1] Solid-State Photoemission and Related Methods: Theory and 
Experiment, edited by W. Schattke and M. A. Van Hove (Wiley-VCH, 
Weinheim, 2003). 
[2] T.-C. Chiang and F. Seitz. “Photoemission spectroscopy in solids.” Ann.  
Phys. 10 (2001).   
[3] Friedrich Reinert and Stefan Hüfner. “Photoemission spectroscopy—  
from early days to recent applications.” New J. Phys. 7, 97 (2005).  
[4] W. E. McMahon, T. Miller, and T.-C. Chiang. “Electronic properties of 
the leaky quantum-well system Ag(111)/Au/Ag.” Phys. Rev. B 54 10800 
(1996). 
[5] "Synchrotron Radiation Center Background." SRC Virtual Tour. 
Synchrotron Radiation Center. n.d. Web. Mar. 2008. 
 
 
  41 
 
 
 
 
 
The entangled histories of thin-film technologies and electronic-
device architectures have rendered each field nearly synonymous with the 
other. Modern devices now require many superposed thin-film layers, 
making characterizations of the combined systems difficult and often 
imprecise. This chapter reports an experiment in which we utilize electronic 
coherence to probe a deeply buried thin film as a quantum well. An 
atomically uniform Ag film prepared on Si(111) was covered by Pb films 
up to 70 Å thick, and the resulting electronic structure was examined by 
angle-resolved photoemission spectroscopy. Despite a photoemission 
escape depth of just a few Ångströms and an incommensurate Pb/Ag 
interface, the data reveal a striking Fabry-Pérot-like structure characteristic 
of an Ag etalon buried deeply under the Pb overlayers. Our simulations 
clearly illustrate the manifest coherence of the electronic structures, 
permitting the characterization of the embedded Ag quantum well. 
  
Using Electronic Coherence to Probe 
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4.1 Introduction 
Characterizing quantum-electronic behavior in buried layers of thin-
film systems constitutes an outstanding issue in condensed-matter physics 
and electronic materials engineering. Though the study of buried structures 
is of basic importance to thin-film applications, surface-sensitive 
measurement techniques such as angle-resolved photoemission 
spectroscopy (ARPES) probe electrons within just the first few Ångströms 
of a material's surface, rendering them unable to access underlying 
structures directly. Moreover, the incommensurate interfaces and roughness 
of intervening films in multilayer systems can obscure the electronic 
properties of the submerged media [1]. Consequently, investigations of such 
systems have generally failed to assess the impact of constituent layers on 
the encompassing system. Using results obtained with ARPES we remedy 
this shortcoming by examining the manifestation of interfering electrons in 
atomically uniform Ag films on Si(111) covered by Pb films of various 
thicknesses.  
The confinement of electrons in a smooth film by its surface and 
interface gives rise to distinct electronic states known as quantum-well 
states when the thickness of the film approaches the nanoscale [2,3,4,5]. An 
archetypal quantum-well system is Ag on Si(111) (Ref. [1]). Akin to the 
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standing waves in an optical Fabry-Pérot interferometer, electrons in the Ag 
film undergo mirror-like reflections at the film surface and substrate-film 
interface that lead to discrete interferometer modes [6,7]. Similar modes are 
expected for films buried deeply under an overlayer. When a Pb slab is 
joined to an Ag slab, the Ag and Pb electronic structures coherently couple, 
analogous to a two-layer Fabry-Pérot interferometer. Despite a short 
photoelectron escape depth, the initial-state wave function sensed by 
photoemission propagates throughout both the Pb and Ag films due to a 
long phase-coherence length (i.e., a long mean-free-path [8,9]). The large 
lattice mismatch at the Ag/Si and Pb/Ag interfaces notwithstanding, this 
long electron coherence length promotes quantum interference and gives 
rise to an electronic structure characteristic of the entire system. The 
reflectivities of the Pb/Ag and Ag/Si interfaces, in addition to the phase 
shifts these interfaces influence, provide crucial information about an 
otherwise inaccessible quantum-well structure and the impact of its 
interfaces on electronic behavior in the films. 
 
4.2 Experimental Details 
For the experiments, a Si(111)-(7x7) surface was prepared under 
ultrahigh-vacuum conditions and maintained at 50 K. Ag was then 
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evaporated onto the Si substrate, annealed to room temperature, and cooled 
back to 50 K to yield an atomically uniform film of desired thickness and 
bulk-like lattice constant [6]. Subsequently, Pb was deposited over this Ag 
film at 50 K, annealed to 120 K (well below the onset of thermal instability 
[10]), and cooled back to 50 K for photoemission measurements. The Pb 
film thicknesses quoted below are nominal thicknesses based on readings 
from a quartz thickness monitor calibrated for Ag deposition but corrected 
for the different material properties of Pb and Ag. All measurements were 
conducted in situ using 22-eV undulator radiation at the Synchrotron 
Radiation Center, University of Wisconsin-Madison. Acquired with a 
Scienta hemispherical analyzer, the photoemission spectra were recorded as 
two-dimensional images spanning the energy and polar emission angle. 
Each image covered a 10˚ range of emission angles. To cover the wider 
range of angles presented here, the sample was rotated in 6˚ increments to 
produce overlapping images, which were stitched together. The dispersion 
relations were measured along the 
 
! K  direction of the surface Brillouin 
zone. 
4.3 Analysis 
The two-dimensional images in Fig. 4.1 are gray-scale 
representations of photoemission data for Si(111) covered first by 
 
p  
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monolayers (ML) of Ag and then overcoated with 
 
q monolayers of Pb, 
where the values of 
 
p q  are shown for each case. The sharp, intense peak 
near normal emission (  
 
! = 0
! ) and just below the Fermi level in the bare 10-
ML Ag film spectrum (
 
p q =10 0 ) owes to the Shockley surface-state 
(denoted by SS) supported by the Ag(111) L-gap. This surface state 
vanishes upon Pb coverage and is neglected in the ensuing analysis. The 
labels Q1, Q2, etc., refer to the quantum-well subbands in the bare Ag film, 
which are nearly parabolic about normal emission. These Ag dispersion 
curves are somewhat distorted near the Si substrate band edges by 
electronic coupling between the Ag and the Si substrate [11]. The data set 
corresponding to a 25- ML Ag film thickness shows a much denser set of 
quantum- well subbands than the 10 ML Ag film case, as expected.  
These Ag subband structures remain visible after Pb coverage, but 
are otherwise modulated by the Pb emission. These spectral features, as will 
be shown below, derive from the Fabry-Pérot modes in the buried Ag that 
coherently couple to the photoemission process through the Pb film. To 
illustrate that electronic coherence persists even through thick overlayers of 
Pb, Fig. 4.1 includes a spectrum for a 25-ML Pb film on 25 ML Ag 
(
 
p q = 25 25 ) and its second derivative (labeled as 
 
25 25!!) with respect to 
the energy. As evidenced in the 9-ML Pb/Si(111) spectrum (
 
p q = 0 9 ), the  
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Figure 4.1: Selected angle-resolved photoemission spectra (black 
represents low intensity) are displayed for Pb films on Ag films on Si(111). 
The notation 
 
p q  indicates a coverage of 
 
q ML of Pb on 
 
p  ML of Ag, and 
the double-prime (##) denotes a second derivative with respect to the energy.  
The label “10/0,” for example, represents a bare 10-ML Ag film on Si(111), 
while “0/9” signifies a bare 9-ML Pb film on Si(111). 
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Pb quantum-well subbands are fairly flat near the zone center, while at 
larger emission angles they turn sharply downward [12]. Their relatively 
large linewidths afford the spectral setting for resolving the fine Ag-induced 
modulations.  
One must first consider whether the Ag electronic structure 
superimposed on the Pb emission is the result of coherent or incoherent 
coupling. In the case of incoherent coupling, the photoemission intensity 
would be described by the sum of the intensities due to discrete Pb and Ag 
etalons, with an Ag contribution diminished exponentially by the Pb 
overlayer of thickness 
 
d
Pb
:  
( ) ( ) ( ) exp( )Pb Ag PbI E I E I E d != + " # .    (4.1) 
The electronic mean-free-path 
 
!  in most metals at 22 eV is ~2 ML of 
Pb(111) (ref. [13]). A Pb coverage of 4 ML will therefore reduce the Ag 
contribution by ~85%, effectively precluding the possibility that the Ag 
band structure is directly probed by photoemission. Furthermore, the Ag-
like features present in the 
 
p q = 25 25  case indicate that coherent 
electronic coupling persists through 
 
~ 12! , well beyond the direct reach of 
photoemission. The solid energy-distribution curves displayed in Fig. 4.2a 
represent the simulated results for electronically decoupled Pb/Ag films at 
normal emission for Pb films of various thicknesses on 25 ML Ag. 
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Compared to the data (red circles), the simulated results, dominated by the 
features of the Pb overlayer alone, fail to reveal the Ag-like features in the 
data. 
The solid curves in Fig. 4.2b represent the results of simulations in 
which the Ag and Pb electronic wave functions are coherently coupled, and 
stem from the following analysis. The component of the electron Bloch 
wave vector along the surface-normal direction, 
 
k
!
(E) , is determined by 
the Bohr-Sommerfeld quantization rule,  
 
2k
!
(E)Nt + "(E) = 2n# ,     (4.2) 
where 
 
N  denotes the number of monolayers, 
 
t  the monolayer thickness, 
 
! 
the total boundary phase shift, and 
 
n  a quantum number. The standard two-
band model accurately characterizes the nearly free-electron-like sp bands 
of both Ag and Pb, wherefrom the dispersion relations are obtained 
[14,15,16]. 
Though the Bohr-Sommerfeld relationship specifies quantum-well 
peak positions, it does not yield spectral functions. A comprehensive 
examination of these spectra necessitates the consideration of the electronic 
wave functions [6]. As discussed in Ref. [6], the final state is a time-
reversed low-energy-electron-diffraction (TRLEED) state. The initial state 
constitutes an electron inside the crystal heading toward the surface, which,  
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Figure 4.2: (a) Cascaded normal-emission energy distribution curves 
comparing the data (red circles) with the simulated results (blue curves) for 
incoherently coupled Pb films on an atomically uniform 25-ML Ag film on 
Si(111). (b) Similar comparison with simulated results for coherently 
coupled Pb films on a 25-ML Ag on Si(111). The vertical dashed lines 
indicate the position of the Ag valence-band maximum (-0.3 eV). 
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upon photoexcitation into the TRLEED state, enters the detector and 
completes its circuit [1,6]. The initial state is subjected to a series of partial 
reflections between the film boundaries, which yields a Fabry-Pérot-like 
modulation. Extending this approach to include two-layers (see, for 
example, ref. 17) generates a modulation factor given by  
 
T E( )! 1+ r1r2e
"2i# Pb + r
1
r
3
e
"2i # Pb +# Ag( ) + r
2
r
3
e
"2i# Ag[ ]
"1
  (4.3) 
where 
 
r
1
, 
 
r
2
, and 
 
r
3
 are the reflectivities at the vacuum, Pb/Ag, and Ag/Si 
interfaces, respectively, and 
 
! = k
"
Nt + # 2 , which is related to the Bohr-
Sommerfeld quantization condition. Aside from the addition of a low-order 
polynomial, 
 
B(E) , to account for the background, the product of the 
absolute square of this interference factor and a smooth low-order 
polynomial, 
 
A(E), describes the photoemission intensity [6]:  
2
( ) ( ) ( ) ( )I E T E A E B E= + .     (4.4)  
 
A(E) accounts for variations in the intensity due to photoemission cross-
section dependences. An optical potential is included in our model to 
account for electronic damping due to electron-electron scattering, electron-
phonon scattering, and residual defect scattering [6,18,19]; this damping 
causes the quantum-well peaks to broaden. Partial reflections and 
transmissions at the Pb-Ag interface allow the electronic structure of the 
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buried Ag quantum well to be detected. Figure 4.2b reveals that the model 
well describes the observed photoemission spectra over a wide range of Pb 
coverages. Labeled according to nominal coverages determined by a crystal 
thickness monitor, each Pb film actually comprises two coverages. For the 
simulation, the assumed thickness of a given film was 1/3 ML less than the 
indicated nominal coverage [20].  
The interface reflectivities and boundary phase shifts obtained from 
the simulation are shown in Fig. 4.3. The reflectivity of the Ag/Si interface 
 
r
3
 as a function of energy rises rapidly near the Si band edge (~0.5 eV 
below the Fermi level) and approaches unity within the Si band gap. The 
Pb/Ag-interface reflectivity 
 
r
2
 follows a similar trend, also approaching 
unity within the Ag L -gap.  Below the gap, 
 
r
2
 diminishes rapidly, giving 
rise to a corresponding decrease in the photoemission intensity of the Ag 
features at large Pb film thicknesses; this term, though small, remains finite 
due to the discontinuity in band structure.  As the relevant region of the 
Pb(111) band structure contains no gaps, the reflectivity of the Pb/vacuum 
interface, 
 
r
1
, varies smoothly and is well described by an approximately 
linear function. The phase shift and the reflectivity are both derived from an 
analytic complex reflection coefficient of the wave function. As such, they 
are connected by analyticity; the total phase shifts presented in Fig. 4.3b  
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Figure 4.3: (a) The reflectivities corresponding to the Pb/vacuum (
 
r
1
), 
Pb/Ag (
 
r
2
) and Ag/Si (
 
r
3
) interfaces. (b) The total phase shifts at the two 
boundaries [see Eq. (1)] associated with films of Pb on Ag, the embedded 
Ag film, and a bare Ag film (marked with *) on Si(111). (c) The finesse of a 
bare 25-ML Ag film on Si(111) (solid grey curve marked with *), a 25-ML 
Ag film on Si(111) covered by a Pb film (long red dashes), and a 5-ML Pb 
film on a 25 ML Ag film on Si(111) (short blue dashes).  The vertical scale 
of the Pb finesse differs from that of the two Ag curves; the axis relevant to 
each curve is indicated with an arrow.  
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also show sharp changes near the band edges, as expected [21,22]. The total 
phase shift represents the sum of the phase-shift contributions from the two 
boundaries of a film. Generally, the reflectivity affects the quantum-well 
peak widths.  
The finesse, 
 
F(E) , of an interferometer typifies its confinement 
capability and relates to its quality factor, 
 
Q. For either a Pb or Ag film, the 
finesse is given by  
 
F(E) =
! r
i
r
i+1 exp "Nt 2#( )
1" r
i
r
i+1 exp "Nt #( )
,    (5) 
 where 
 
r
i
 and 
 
r
i+1
 are the reflectivities of the 
 
i
th  interface and the mean-free-
path 
 
!  is related to the aforementioned optical potential. The reflectivities 
deduced in the above-described simulation determine 
 
F(E)  for the buried 
Ag film, allowing for a clear characterization of the electronic behavior 
within its confines. Fig. 4.3c displays calculated curves of 
 
F(E)  for a bare 
25-ML Ag film on Si(111), a 25-ML Ag film on Si(111) covered by a Pb 
film of arbitrary thickness, and a 5-ML Pb film on a 25-ML Ag film. As 
expected, 
 
F(E)  in each case diminishes as E  increases. The Ag finesse 
reaches its maximum at the onset of the Ag gap and drops precipitously 
above the gap, resulting from the inability of electrons to propagate in gaps. 
Covering the 25-ML Ag film with a Pb film of arbitrary coverage decreases 
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r
2
, thereby diminishing the confinement capability of the Ag, and causes a 
stark difference in 
 
F(E)  for the two cases.   
 
4.4 Summary 
The previous sections characterize an Ag quantum well buried under 
a thick Pb overlayer, representing a significant development in our capacity 
to probe the embedded structures of multilayer systems. The clear Fabry-
Pérot-like behavior displayed for Ag films overcoated by Pb films up to 25 
ML thick (~70 Å) demonstrates that electronic coherence persists through 
overlayers of a wide range of coverages. Despite its reputation as a surface-
sensitive probe, angle-resolved photoemission accesses the quantized 
electronic structure in the buried Ag quantum wells. Although the 
photoemission process ejects electrons from the region immediate to the 
surface, the long coherence length of the electron wave function permits 
access to the system at a great depth in spite of the incommensurate Ag/Pb 
interface. 
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 Angle-resolved photoemission studies of the quantum-well electronic 
structure in atomically uniform Ag films grown on Si(111)-(7x7) reveal an 
anomalous bifurcation of one of the subbands as it disperses toward the 
Fermi level. This bifurcation leads to an apparent quantum-number paradox, 
since subbands must be associated with consecutive integer quantum 
numbers. Evident only in films thicker than 15 monolayers, the bifurcation 
migrates upon annealing from subband to subband toward the zone center 
and ultimately vanishes. Various tests indicate that this perplexing behavior 
arises from transverse resonances in the film electronic structure caused by 
the reconstruction at the interface.  
 
5.1 Introduction 
Metallic thin films grown on semiconductor substrates can exhibit 
quantum behavior far different from the corresponding bulk case [1-8]. The 
5 Apparent Quantum-Number Paradox in Ag Quantum Wells on Si(111) 
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confinement of electrons by a film’s boundaries results in the discretization 
of the electronic structure into quantum-well states or subbands, thereby 
leading to new physical properties. Atomically uniform Ag films grown on 
Si(111)-(7x7) represent a classic case that has been studied thoroughly [9-
13]. Even so, the angle-resolved photoemission measurements presented 
herein reveal a surprising, paradoxical behavior that appears to violate the 
basic quantization condition. Specifically, one of the subbands bifurcates as 
it approaches the Fermi level, resulting in an extra subband that does not fit 
into the sequence of consecutive integer quantum numbers. An important 
clue about the origin of this quantum-number paradox concerns the 
dependence of the ramified subband on the film thickness and a constant 
initial bifurcation position of ~
 
0.3 Å-1 in k-space. Annealing the film causes 
the bifurcation to migrate toward lower quantum numbers and ultimately 
disappear, a process during which the bifurcation junction closely follows 
the Si valence band edge in energy-momentum space. Atomically uniform 
Ag films similarly prepared on Ge(111)-c(2x8) show no such anomaly. 
These observations together indicate that the bifurcation is related to the 
(7x7) substrate reconstruction. 
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5.2 Experimental Details  
To produce the Si(111)-(7x7) surfaces used in our experiments, 
Si(111) substrates were flash-heated to approximately 1500 K under 
ultrahigh-vacuum conditions and then cooled down to 50 K. Ag was then 
deposited onto a Si(111)-(7x7) surface, annealed to roughly room 
temperature, and cooled back to 50 K.  This procedure consistently yields 
atomically uniform Ag(111) films of desired coverage and bulklike lattice 
constant; the crystallographic axes of the film and the substrate are mutually 
parallel, though the interface is incommensurate. The dispersion relations 
were measured along both the 
 
! K  and 
 
!M  directions using angle-resolved 
photoemission spectroscopy. All measurements were performed in situ at 
the Synchrotron Radiation Center, University of Wisconsin-Madison. The 
photoemission spectra were recorded as functions of the energy and polar 
emission angle, where each image spanned a ~10˚ range of emission angles. 
The sample was rotated in 6˚ increments to produce overlapping images, 
which were stitched together to generate the images presented herein.  
 
5.3 Analysis 
Figure 5.1 displays a selection of photoemission spectra along the 
 
! K  direction corresponding to a wide range of Ag-film thicknesses on 
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Si(111)-(7x7). The bright, sharp peak near normal emission (
 
k
||
= 0 ) and 
immediately below the Fermi level corresponds to a Shockley surface state 
(labeled SS in Fig. 5.1) situated within the Ag(111) L-gap. The Ag 
quantum-well subbands (labeled Q1, Q2, etc.) are nearly free-electron-like 
and approximately parabolic about normal emission. The thickness labels 
represent exact film coverages determined by atomic-layer counting [9].  
The solid curve drawn over the 20-ML (monolayer) data represents the 
Si(111) substrate band edge. The ripples in the subband dispersions just 
below this band edge, more noticeable at low thicknesses, owe to an 
electronic coupling between the Ag film and the Si substrate [9]. For each 
thickness, except 14 ML, a pair of arrows indicates the two tines, or 
branches, of a bifurcation. The bifurcating subband can differ for different 
thicknesses, with thicker films showing the bifurcation at larger quantum 
numbers. Furthermore, films thinner than 16 ML do not support a 
bifurcation. In films for which a bifurcation occurs, the point of band-
splitting lies near the Si(111) band edge. For comparison, the dashed curves 
overlying the 20-ML data represent the projected bulk band structure of the 
Ag film. Aside from the bifurcation, the slight discrepancies between these 
curves and the data can be largely explained in terms of a phase-shift 
function [14].  
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Figure 5.1: Selected angle-resolved photoemission spectra for a wide range 
of coverages of atomically uniform Ag films on Si(111)-(7x7) along the 
 
!K  direction. The two subbands derived from a bifurcation are marked 
with a pair of arrows. The solid curve drawn over the 20-ML data indicates 
the Si(111) band edge; the dashed curves represent the results of a projected 
bulk band structure for Ag, which fail to show the bifurcation. The photon 
energy used was 22 eV. 
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Bifurcating subbands are not unique to the K! direction, but are 
clearly visible along M!  as well. Fig. 5.2a displays photoemission data 
obtained along K!  for a 33-ML Ag film on Si(111)-(7x7), and Fig. 5.2b 
displays data obtained along M!  for a 32-ML Ag film on Si(111)-(7x7). In 
each case, the bifurcation is indicated with a pair of arrows. The two films 
were studied at different stages in their respective annealing processes, and 
therefore display somewhat dissimilar bifurcations. Additionally, Ag films 
on Ge(111)-c(2x8) were studied, and representative spectra for a 30-ML Ag 
film along K!  and M!  are presented in Figs. 5.2c and 5.2d, respectively. 
No bifurcation manifests in these spectra or any others for Ag/Ge, which 
correspond to a wide array of annealing conditions. This observation 
suggests a unique quality of the Si(111)-(7x7) reconstruction in connection 
with the bifurcation. It is known from X-ray diffraction measurements that 
the Ag/Si interface retains the (7x7) reconstruction up to annealing 
temperatures of ~250 °C [15], while the c(2x8) reconstruction of the 
Ge(111) surface does not appear to survive the Ag deposition [16,17]. The 
difference relates to the nature of the two reconstructions: the c(2x8) 
reconstruction involves a mere decoration by loosely bonded adatoms, 
while the (7x7) involves a stacking fault more robust against thermal 
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Figure 5.2: Angle-resolved photoemission spectra for (a) 33-ML and (b) 
32-ML Ag films on Si(111)-(7x7) along the  !K  and M!  directions, 
respectively. The arrows point to the two subbands resulting from a 
bifurcation, where it exists. (c) and (d) display spectra along the K!  and 
M!  directions, respectively, for a 30-ML Ag film on Ge(111)-c(2x8). 
These spectra reveal no bifurcations. The photon energy used was 22 eV. 
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annealing. After the (7x7) reconstruction vanishes by annealing, the 
interface becomes an incommensurate abrupt junction between 
unreconstructed Ag and Si.  
The most noteworthy of the bifurcation’s dependencies concerns its 
sensitivity to annealing temperature. Fig. 5.3 displays photoemission spectra 
obtained at various stages of the annealing process for a 39-ML Ag film. 
Beginning with the emergence of nascent quantum-well states at about -12 
˚C, the bifurcation (marked with arrows) appears at 
 
k
||
! 0.3  Å-1. With 
increasing annealing temperatures, it migrates from one subband to the next 
toward the zone center as indicated by the arrows. In intermediate cases 
where the extra subband seems to be equally connected to two parent 
subbands, three arrows indicate the trifurcation created during the transition. 
The bifurcation eventually disappears at ~250 ˚C; at this temperature, the 
(7x7) reconstruction at the interface disappears. The bifurcation first 
appears when a clear subband structure emerges upon annealing of the film, 
and always resides initially at 
 
k
||
! 0.3  Å-1 for a wide range of film 
thicknesses. In all cases, the bifurcating point tracks closely the Si(111) 
band edge.    
Correlation of the bifurcation with the Si(111) band structure and 
(7x7) reconstruction suggests the model indicated by the schema presented  
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in Fig. 5.4. In Fig. 5.4a, a photoelectron, upon time reversal, impinges on 
the film surface, whereupon it emits a photon; the resulting electron in the 
initial state travels into the film, where it undergoes multiple bounces 
between the two film boundaries. Standing waves form provided that the 
wavelength of the electron matches the geometry [7]. At energies above the 
Si(111) band edge, electrons are completely confined by the film’s 
boundaries (Fig. 5.4a), and the standing waves correspond to quantum-well 
states [7,9]. At energies below the Si band edge, quantum-well resonances 
form by partial confinement (Fig. 5.4b); partial transmission at the interface 
results in coherent coupling to continuum wave functions within the 
substrate that can reach several hundreds of Ångströms in depth as 
determined by the electron coherence length [9,18,19]. This part of the 
wave function in the substrate carries the dominant weight (integrated 
probability density) of a resonance state.   
The two vertical dash-dotted lines in Figs. 5.4a and 5.4b indicate the 
"domain walls" in Ag resulting from the (7x7) interfacial modulation, which 
are incommensurate with respect to the Ag(111) structure. At small 
emission angles, these domain walls only influence the quantum-well 
subband structure marginally. At larger emission angles (as depicted in 
Figs. 5.4c and 5.4d for fully and partially confined cases, respectively), the  
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Figure 5.4: Diagrams illustrating the influence of Ag domains and the 
Si(111) band gap on the formation of the bifurcation. (a) The path of a time-
reversed state near normal emission with an energy above the Si(111) band 
edge. (b) Path pertains to energies below the Si band edge, but is otherwise 
identical to (a). The transmitted wave in the Si substrate can reach a large 
depth and carries most of the weight (integrated probability density). The 
vertical dash-dotted lines indicate domain walls in the Ag caused by 
interfacial modulation. (c) The path of a time reversed state at an energy 
above the Si band edge and at a larger emission angle where reflection by 
the domain walls can come into play. (d) Path pertains to energies below 
the Si band edge, but is otherwise identical to (c). The long dashes indicate 
the transmitted wave in the Si substrate. 
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domain walls can cause electron reflection, resulting in transverse 
resonances. Since the domain-wall modulation is expected to be mild, only 
first-order effects prevail. The average radius of the (7x7) unit cell is R = 12 
Å, giving rise to a first-order transverse resonance at 
 
k
||
! " R = 0.27 Å-1, 
which is consistent with the observed k-space position of the initial 
bifurcation point.  
At energies above the Si band edge, the two processes schematically 
indicated in Fig. 5.4c (one involving a transverse resonance and the other 
involving none) are distinct, and the transverse resonance gives rise to an 
extra subband. Below the Si band edge, as indicated schematically in Fig. 
5.4d, the two processes are phase-locked by the common continuum states 
within the substrate, which carry the dominant weights of the wave 
functions. Thus, the two processes couple coherently into a single process, 
resulting in a single subband. This subband bifurcates into two upon 
crossing the Si band edge into the gap region, and corresponds dually to the 
two processes, which are no longer phase- locked due to the lacking 
common continuum part of the wave function. Consequently, the 
bifurcation occurs near the Si band edge and ramifies in the gap region, as 
observed experimentally.     
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When an Ag film first becomes ordered by annealing, it is 
modulated by the (7x7) reconstruction at the interface and forms domains. 
As the annealing temperature increases, these domains can grow in size by 
coalescence and ripening. Consequently, the transverse resonance migrates 
to smaller values of ||k , as observed experimentally. Ultimately, the 
domains become sufficiently expansive in scale that the bifurcation 
disappears. As seen in the spectra in Fig. 5.3, the quantum-well subbands 
become sharper and more distinct at higher annealing temperatures. This 
can be attributed to large domain sizes, where scattering by domain wall 
irregularities is minimized.  
 
5.4 Summary 
The model delineated above describes a quantum-number paradox 
in Ag quantum wells on Si(111) substrates, and accounts for the overall 
shape, position, and migration in energy-momentum space of a subband 
bifurcation as a function of film thickness and annealing temperature. 
Moreover, the model explains why Ag films on Ge(111) substrates fail to 
exhibit a similar paradox. The results presented illustrate the complexity 
and subtlety of electronic effects in thin films that may be hard to decipher 
straightforwardly based on the standard quantization model. Substantial 
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experimental evidence prompts an explanation for the puzzling behavior of 
the Ag/Si system in terms of transverse resonances. These resonances are 
likely quite common in thin films involving incommensurate interfaces 
and/or interfacial reconstructions that can modulate the film structure. Such 
electronic states provide insight about film morphology and buried 
interfacial structures, and indicate the presence of a strongly coupled three-
dimensional nanoscale system. 
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The common theme of experiments presented in this work concerns 
their exploitation of electronic coherence for probing quantum-well 
structures previously inaccessible to examination.  
Chapter 4 presents unambiguous Fabry-Pérot-like behavior observed 
for Ag films covered by Pb films of thicknesses up to 25 ML (~70 Å), 
indicating that electronic coherence endures through overlayers of a wide 
range of thicknesses relevant to applications. Experimental results 
demonstrate that angle-resolved photoemission – despite its long historical 
reputation as a surface-sensitive probe – can probe the quantized electronic 
states in such deeply buried quantum wells. Even though the photoelectrons 
are ejected only from the near-surface region, the long coherence length of 
the electron wave function provides the means to sense the system at a 
6 Conclusions 
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much larger depth. This coherence is well maintained through the 
incommensurate Ag/Pb interface.  
The quandary discussed in Chapter 5 originates with the presence of 
a subband bifurcation in the Ag/Si(111) system, which seems to violate the 
quantum-number counting of the standard quantum-well schema.  The 
model presented thereafter expounds upon a quantum-number paradox in 
Ag quantum wells on Si(111) substrates. A comprehensive body of data 
suggests a mechanism for the puzzling behavior of the Ag/Si system based 
on transverse resonances within the Ag domain structure.  
Probing morphologically intricate and multilayered systems often 
constitutes a delicate process in which the techniques employed must be 
non-invasive.  To this end, the above-described work utilizes innocuous, 
non-destructive methods based on the exploitation of electronic coherence. 
The application of similar quantum-interference effects toward 
characterizing related systems will prove crucial as technology pursues 
more complex thin-film architectures. 
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